1. Free electrophoresis: 6 Cohn Fractions were dissolved in barbital buffer, pH 8.6, ionic strength 0.1. Two gram per cent solutions were dialyzed against barbital buffer at 50 C. Free moving boundary electrophoresis was performed in a Klett Electrophoresis Apparatus and photographs were obtained with a moving diaphragm scanning method. Pictures were enlarged and analyzed by dropping perpendiculars from the lowest points and measuring the areas under the peaks in the magnified schlieren diagrams.
2. Chemical analyses: Protein-bound iodine (PBI) was determined by a modification of the alkaline ash method of Barker 7 (11) . Wet digestion was employed 6 Analyses performed in the laboratory of Dr. John M. Newell of the Massachusetts Public Health Biologic Laboratories, Jamaica Plain, Mass. 7 Iodine analyses were performed by Bio-Science Laboratories, Inc., 2231 Carmelina Avenue, Los Angeles 64, Calif. * Averages for Fractions I prepared during the past four years at the Massachusetts Public Health Biologic Laboratories. All other analyses were performed with the fractions derived from old plasma which were employed in the present studies.
for measurement of total iodine 7 (12) . Protein concentrations were determined by a modified biuret procedure (13) ; the micro-Kjeldahl technique was used for nitrogen analyses.
3. Thyroxine-protein mtixtures: One-tenth ml. of saline containing the desired amounts of labelled and unlabelled thyroxine were added to 0.9 ml. of the various protein solutions. Mixtures of protein and thyroxine were permitted to stand for a minimum of thirty minutes at room temperature to assure binding equilibrium prior to zone electrophoresis. Fresh solutions of stable and radioactive thyroxine were prepared for each experiment. Similarly, freshly-drawn sera and freshly-dissolved Cohn Fractions were routinely employed even though thyroxinebinding was apparently not altered by storage in the deep-freeze. In all experiments, the final absolute concentration of organic iodine was determined by chemical analysis.
4. Paper electrophoresis: An apparatus designed in this laboratory was used.8 It consisted of rectangular reservoirs of lucite which were enclosed on three sides by raised walls of lucite. When two reservoirs were apposed by approximating the slotted margins of their free side-walls and bases, a single enclosed rectangular chamber was formed which could be rendered air-tight by the addition of a peaked lucite cover. The "hanging strip" technique of Durrum (14) could then be employed by the insertion of a lucite rod through the overlapping side-walls above the two reservoirs. On the other hand, when the reservoirs were separated and two 33 by 38 by 2.5 cm. glass plates resting horizontally upon a wooden support were placed between them, paper electrophoresis by the technique of Kunkel and Tiselius (15) could be performed. Buffer capacity of each reservoir was two liters and the reservoirs were subdivided into communicating compartments in order to separate the carbon electrodes from the major portion of buffer.
Large sheets of Whatman No. 3 filter paper were employed for zone electrophoresis. The sheets were moistened with buffer and blotted prior to introduction into the electrophoresis apparatus. Two-hundredths milliliter aliquots of protein solutions were applied onto the sheets in straight 1.6 cm. lines separated from one another by marked intervals of 1.9 cm.
Since 33 by 50 cm. sheets were used in the Durrum system, nine specimens could be applied simultaneously. Applications were made directly upon the supporting rod or one inch beyond its anodal side. However, concurrent electrophoresis of multiple sheets was not feasible.
When the apparatus was adapted for electrophoresis by the method of Kunkel and Tiselius, 30 by 57 cm. sheets of filter paper were employed, thus limiting the capacity to eight specimens per sheet. Mobilities in all eight specimens were identical (Figure 1) . Therefore, the "plate glass" system could be employed for simultaneous electrophoresis of multiple sheets. This modification offered certain advantages. For example, quad-ruplicate analysis could be readily secured by successively applying 0.02 ml. aliquots from eight specimens to four sheets which were directly superimposed upon one another. Furthermore, by interposing sheets of "Parafilm" 9 between successive sheets of filter paper, four sets of eight different solutions, or a total of thirty-two separate specimens could be electrophoresed at one time. The use of plate-glass 2.5 cm. in thickness obviated the need for equalizing pressure upon the filter paper by the use of clamps or other devices. Plates were covered with a thin coat of silicone 10 and cellophane tape was used to seal the sides of the plates.
Test solutions were delivered onto the filter paper with calibrated hemoglobin pipettes. Adsorption to glass was standardized by the use of a fresh pipette for each application. A small amount of powdered bromphenol blue was added to the site of delivery for visualization of albumin during electrophoretic migration.
Barbital buffer at pH 8.6, ionic strength 0.05 or acetate buffer at pH 4.5, ionic strength 0.03 to 0.10 was employed. To minimize changes in buffer pH, no buffer was used for more than a single experiment. In most studies, a potential of 117 volts was placed across the electrodes for twenty hours at room temperature. At pH 8.6, migrations averaged 12 to 15 cm. during this interval. Occasionally, voltages of 100 to 400 were employed for varying durations and maintained constant with a power supply and voltage regulator. Following electrophoresis, sheets were suspended in a drying rack in an oven at 1300 C. for ten minutes.
5. Protein localization and radioactive assay: Staining prior to counting resulted in sufficient smearing and elution of counts to diminish the subsequent accuracy of radioactive assay. On the other hand, satisfactory staining could not be secured by reapposing the segments of strip which had been partitioned for counting. Therefore, in every experiment, electrophoresis was performed on duplicate sheets.
One sheet was directly radioautographed in contact with No-Screen X-ray film and subsequently stained according to the method of Durrum (14) . Where indicated, protein distribution was quantitated with a densitometer.11
The second sheet was divided into component strips. These b) Recovery of radiothyroxine: Loss of radiothyroxine during electrophoretic migration was assessed by comparing the total counts on electrophoresed strips with similar aliquots which had been applied onto filter paper but not electrophoresed. After electrophoresis of protein solutions for six to thirty hours at pH 8.6 and 117 to 400 volts, the recovery of protein-bound radioactivity averaged 88.1 ± 13.413 per cent in 152 observations with the "plate-glass system"; in 13 experiments with the Durrum method, recovery averaged 91.6 + 10.913 per cent. In 18 studies at pH 4.5, 84.5 + 12.613 per cent of the radioactivity could be accounted for in the area occupied by the proteins. Similar recovery experiments were performed with non-protein mixtures of thyroxine and saline. At pH 8.6, in 5 studies, 67.4 ± 2.613 per cent of the radioactivity remained on the filter 13 Mean ± Standard Deviation.
paper slightly anodal to the point of application; following electrophoresis of unbound thyroxine at pH 4.5, radioactivity remained principally at the origin and recovery averaged 65.5 per cent. c) Recovery of inorganic I131: Electrophoresis (pH 8.6, 117 volts, 18 to 20 hours) was performed following the addition of NaI'31 to protein solutions. With serum or with saline solutions of albumin or Cohn Fraction IV-6, recovery of carrier-free inorganic 1131 averaged 3.1 per cent; recoveries averaged 5.2 per cent when the protein solutions were supplemented with carrier to a final concentration of 200 mgm. per cent of inorganic iodide. In serum, the recovered radioactivity was principally confined to the albumin area. The data suggest that the presence of inorganic iodide (as a contaminant in the radiothyroxine or as a degradation product arising during electrophoresis) would not materially alter the electrophoretic partition of radioactivity. d) Radiothyroxine: The electrophoretic distribution of other possible radioactive contaminants was not evaluated. For the following reasons, it seems unlikely that such impurities were present to any significant extent in fresh preparations of commercial radiothyroxine.
First, fresh radiothyroxine satisfied chromatographic criteria of homogeneity. Secondly, an identical partition of radioactivity between albumin and TBP was obtained when the specific activity of thyroxine-serum mixtures was varied five-fold and the total concentration of added thyroxine (i.e., the sum of both labelled and unlabelled material) was maintained constant at 25 ug. per cent.
However, during storage in vitro, significant degradation of radiothyroxine occurs. To minimize the effects of ageing, only fresh preparations were employed. Moreover, potential errors from degraded moieties were kept constant by adding equal amounts of radiothyroxine to both the control and experimental specimens in all subsequent studies.
e) Reproducibility of radioactive assay: Serum was labelled with radiothyroxine and varyingly supplemented with stable thyroxine. Multiple aliquots of each specimen were electrophoresed simultaneously and analyzed separately for the partition of radioactivity. At PBI concentrations of 8 to 122 ug. per cent, the variability in the distribution of albumin and TBP-bound radioactivity in quintuplicate analyses was not greater than ± 5 per cent of the respective means for each category.
Validation of experimental design
Attempts to localize TBP in Cohn Fractions were based on the characteristics of the interaction between thyroxine and plasma proteins. Therefore, preliminary to an examination of Cohn Fractions, binding phenomena were studied in mixtures of serum and thyroxine. a) Distribution of radiothyroxine: Sera from hyper-, hypo-, and euthyroid subjects were enriched with radiothyroxine and electrophoresed at pH 8.6. As others have shown (1-7), most of the labelled thyroxine localized with a moiety intermediate in mobility between the a1 and a2 globulins ( Figure 1) . A small but definite percentage of the radioactivity migrated with albumin even at the lowest concentrations of thyroxine. Eighty to 95 per cent of the radioactivity could be accounted for under the TBP and albumin peaks. Traces of radioactivity usually migrated ahead of the albumin area. The remaining radioactivity was varyingly distributed with the other anodal proteins and was concentrated principally in a narrow band, immediately ahead of the 18 globulins. Cathodal migration with y globulin was never observed. In all sera, albumin-bound thyroxine progressively increased as the concentration of added thyroxine was augmented.
For the present, the significance of the apparent "spill-over" of thyroxine onto Serum was labelled with radiothyroxine; an aliquot of this serum was supplemented with stable L-thyroxine to yield a PBI level of 201.5 ,ug. per cent. Intermediate concentrations of proteinbound iodine were obtained by combining the enriched and the unenriched specimens in various proportions. The mixtures were electrophoresed and the distributions of radioactivity were quantitated. The results indicated that thyroxine which is bound to albumin can be recovere(d onto TBP by simply decreasing the PBI without changing the absolute concentration of either TBP or albumin (Table II) .
By modifying conventional electrophoretic techniques, the concentrations of TBP, albumin, and PBI within a single serum could be altered independently or in combination to assess the effects of each variable upon binding phenomena.
Sufficient amounts of L-thyroxine were added to serum so that radiothyroxine was equally partitioned between albumin and TBP. Electrophoresis was performed at pH 8.6 in the "plateglass" system. The albumin zone was detached from the less rapidly migrating components. Unlabelled serum of similar or lower PBI content was applied onto the albumin spot and a second electrophoresis was performed. In each instance, partial displacement of albumin-bound radioac- ' . ...
FIG. 3. Two-DIMENSIONAL ELECTROPHORESIS
Illustrations 1 and 3 represent the respective distributions of proteinis and radioactivity in a labelled specimen of serum which was electrophoresed in two dimensions. Illustrations 2 alnd 4 represent a similar two-dimensional electrophoresis in which additional unlabelled serum was applied at sites corresponding to albumin and TBP prior to electrophoresis in the second dimension. The latter manipulation was performed by localizing albumin (A and C) and TBP (B and D) with the aid of the two narrow strips of filter paper which are depicted in the center.
tivity onto the TBP of unlabelled serum could be demonstrated. No such partition occurred when the albumin was re-electrophoresed without the addition of unlabelled serum. Similar results were obtained with "two-dimensional electrophoresis" (Figure 3) . Herein, serum labelled with radiothyroxine was applied onto two sites spaced 13 cm. apart on a 26 by 57 cm. sheet of filter paper. For purposes of control, similar aliquots were applied onto two appended 2.5 by 57 cm. strips of filter paper. One dimensional electrophoresis was performed by the Kunkel-Tiselius method following which the appended strips were removed. One of them was radio-autographed. The second strip was rapidly dried and stained. With the stained strip for reference, protein moieties in the two bands on the large sheet of filter paper could be localized. Accordingly, the areas corresponding to TBP and albumin in one of these bands were supplemented with 0.020 ml. specimens of unlabelled serum.
Electrophoresis in the secon(l dimension was then performed by turning the entire sheet 90 degrees and by bridging it to the buffer reservoirs with fresh filter paper. It was found that TBP of the added unlabelled serum could abstract most of the radioactivity which, initially, had migrated with albumin. On the other hand, a shift in the distribution of radioactivity was not observed in the control band which had not been supplemented with serum prior to the second electrophoresis. (Table III) . However, all sub-groups 14 Heparin was added to prevent clotting in all experiments involving Cohn Fraction I. 15 Currently, Fraction VI is concentrated with zinc hydroxide (28) from the supernatant solution which remains after the precipitation of Fraction V according to the low temperature-low salt-ethanol fraction method (8) . Preliminary evidence would indicate that zinc reof Fraction IV-4 (i.e., IV-5, IV-6, IV-9; and IV-7, 1V-8) significantly diminished the radioactivity in the albumin area and enhanced the apparent binding of thyroxine by TBP. Fractions IV-6 and IV-9 produced the most pronounced augmentation of TBP activity. Age of the parent plasma did not affect results. Findings were similar with Cohn Fractions derived from outdated blood bank plasma as well as from fresh plasma (Table III) . b) Mixtures of Cohn Fractions and saline: Lyophilized Cohn Fractions were dissolved in isotonic saline 14 and repeatedly centrifuged to remove all insoluble denatured material. Biuret analyses were performed to adjust the protein concentration in all solutions to 2.0 gram per cent. Control specimens of serum were diluted to a comparable extent. At pH 8.6, the components of the various Cohn Fractions retained their characteristic electrophoretic mobilities. Thus, for purposes of reference, the migration of radioactivity could be related to simultaneously electrophoresed specimens of serum.
duces the quantity of thyroxine bound by TBP (20) . Therefore, attempts were made to obtain the proteins of Fraction VI without zinc precipitation.
Excess salts and ethanol in Supernate V were removed by dialysis against repeated changes of distilled water at 40 C. The dialyzed Supernate V was lyophilized and the recovered proteins were employed in subsequent experiments. Similar dialysis and lyophilization did not diminish the binding of thyroxine by Cohn Fraction IV-6. Fractions I or II-III. On the other hand, in the control sample of seruimi, most of the radioactivity was displaced from the TBP onto albumin. Similarly, in all Cohn Fractions other than I and II-III, the addition of large amiiounts of thyroxine caused partial or complete "spill-over" of radioactivity-onto secondary carriers. Proteins other than albumin served as secondary carriers in fractions which wNere deficient in albumin. Displacement was least in solutions containing IV-6 or IV-9 and most of the radioactivity remained confined to a discrete zone corresponding in electrophoretic mobility at pH 8.6 to the TBP of serum.
The specificity of thyroxine-binding in IV-6 and IV-9 was assessed by electrophoresis in acetate buffer at pH 4.5 ( Figure 5 ). At this pH, free radiothyroxine or radiothvroxine combined wsith Cohn Fraction II-III remuained at the origin.
Labelled TBP in thyroxine-serum mixtures migrated towards the anode in confirmation of the report of Robbins, Petermann, and Rall (21) . The radioactivity in solutions containing Fractions IV-6 and IV-9 also migrated slowly towards the positive pole despite the predominant cathodal movement of most of the other proteins. per ml.) prior to paper electrophoresis at pH 8.6. All of the radioactivity in solutions containing Fractions I, II-III, V, and Supernate V migrated with the added albumin ( Figure 4 , Column 3). Lesser changes were effected in mixtures containing the other Cohn Fractions. The distribution of radioactivity was least altered in the presence of IV-6 or IV-9. d) Conclusions: All Cohn Fractions which are precipitated subsequent to Fraction III contain detectable amounts of material which binds thyroxine and which simulates the electrophoretic mobility of serum TBP at pH 8.6. This material is most abundantly present in Fractions IV-6 and IV-9. On the basis of electrophoresis at pH 4.5, it may be inferred that the thyroxine-binding moieties in IV-6 and IV-9 are indeed the same as the TBP of serum.
DISCUSSION
Earlier attempts to localize TBP in Cohn Fractions of plasma have followed several lines. By dialysis, it has been shown that thyroxine-binding is minimal with gamma globulin (23) . However, since thyroxine is bound, at least partly, by all proteins, the dialysis technique affords limited specificity. Other investigators have relied upon measurements of iodine/nitrogen ratios (23, 24) . With this approach, Salter meticulously localized the thyroxine-transport protein in Fractions IV and V, and even succeeded in specifically implicating the subfractions of IV which were rich in alpha globulins (i.e., IV-5 and IV-6) (25). However, the differences among various fractions were small and inconsistent, and it is likely that some of the variability may have resulted from artifacts intrinsic to the fractionation technique. During fractionation by Method 6 of Cohn, disruption of thyroxine-protein bonds and reagent contamination may progressively increase the content of unbound inorganic and organic iodine in the alcohol-protein-electrolyte mixtures. That coprecipitation and occlusion of these iodine moieties does occur is suggested by the routine demonstration of significant amounts of proteinbound iodine in fractions which do not contain detectable amounts of TBP such as Fractions I or II-III (23) (24) (25) . Errors thereby introduced would become especially manifest in fractions which are precipitated last, either in great bulk (cf. Fraction V) or in small amounts from large volumes of suspending solution (cf. Fraction VI). It is of interest in this connection that high iodine/nitrogen ratios have been reported for Fraction V (23) (24) (25) and for Fraction VI (25, 26) although their content of TBP would appear to be small.
Obviously, it would be most desirable to measure TBP directly. As yet, no such technique has been evolved. In the present experiments, attempts were made to minimize the difficulties which are inherent in indirect approaches. Fractions prepared by Methods 6 of Cohn were compared by a variety of saturation and competitivebinding techniques; zone electrophoresis was employed to provide specificity.
It may be argued that saturation characteristics cannot be used for intercomparisons since the fractionation technique, per se, may varyingly desaturate or remove endogenous thyroxine from the different Cohn Fractions. Although this possibility cannot be excluded, it would seem unlikely that variation in endogenous hormone (e.g., iodine/protein ratios; Table I ) could significantly affect the results obtained in systems wherein the concentration of added carrier thyroxine was greater than 100,g. per cent (v.s.).
Certain properties of TBP were noted in the course of the present experiments. It may be inferred that the TBP of Fraction IV-6 is not a lipoprotein; multiple freezings and thawings did not alter its binding characteristics. TBP is highly soluble in water, and neither solubility nor thyroxine-binding were diminished by dialyzing IV-6 against repeated changes of distilled water to remove occluded inorganic moieties. The stability of TBP is evidenced by the observation that fractions derived from fresh and from outdated blood did not appreciably differ in activity.
Zinc interferes with the interaction of thyroxine and TBP in serum and in Fractions IV-6 and IV-9. Conceivably, therefore, the techniques described above may not be applicable to proteins which have been prepared by zinc precipitation. Among these proteins may be included the products of Method 10 of Cohn and his co-workers (27) and the pure a glycoproteins of Schmid (28, 29) .
Throughout this report, the term TBP has been employed to designate the thyroxine-binding protein of plasma. It should be stressed that nomenclatural selection of the singular is arbitrary and intended solely for convenience. By labelling the TBP in serum with radiothyroxine, Petermann, Robbins, and Hamilton have derived an ultracentrifugal sedimentation constant for TBP (30) , and Robbins, Petermann, and Rall (21) have shown that the electrophoretic mobility of TBP at pH 4.5 simulates that of the M-2 glycoproteins of Mehl, Golden, and Winzler (31) . However, to date, TBP has not been isolated. Thus, despite all physicochemical measurements, it cannot be said whether TBP represents only one protein or several proteins which, in protein mixtures, exhibit similar electrophoretic and ultracentrifugal characteristics. Furthermore, if TBP is a single protein, the possibility of multiple sites for thyroxine-binding cannot be excluded. Because of these considerations, the present data have been subjected only to descriptive analysis. It was felt that available information did not justify more quantitative treatment, and that precise stoichiometrical formulations must await the availability of pure TBP. 
